This paper presents a brief review of the state of the art in humidity and gas ceramic sensors R&D; it also describes the principle, fabrication and application of the humidity-sensitive Si-doped a-hematite (a-Fe203) sintered compacts.
I. INTRODUCTION
Sensors are key elements in the rapidly evolving fields of measurements, instrumentations, and automated systems. The recent progresses made in improving the reliability and lowering the cost of microprocessors and interface circuits has resulted in a higher demand for sensors, which convert physical or chemical quantities in various environments into electrical signal. Different functions and materials have been investigated, and several devices have been put on the market or have become part of sophisticated instrumentations1.
Among these materials, functional ceramics have played a major role because of their intrinsic characteristics: they are superior in mechanical strength and chemical resistence in most environments and in the reproducibility of the electrical properties. They have also been widely used to satisfy diverse needs for sensing devices, and consistent results have been obtained in the field of atmospheric sensors, i.e., temperature , humidity3-8, and gas sensors9--.
It is well known bulk ceramics are prepared by a relatively simple process consisting of mixing raw materials, forming the part, and sintering. Ceramics are characterized by their unique structure consisting of crystal grains, grain boundaries and, when they are porous, by large surface intra-and inter-granular pores. Both high density and porous ceramics are easily produced by controlling the compact 69 forming, and sintering conditions. Furthermore, in ceramic materials, solid solution or doping can be easily formed and improved properties are relatively easy to obtain 3.4.
Sensitive thick ceramic films can be obtained by the screen printing and firing technique5-16, while the radio frequency sputtering7, chemical vapor deposition 8 and the sol-gel processes 9 enable one to deposit thin ceramic films on different substrates.
In Table I , several ceramic materials with their sensor property and function are reported. The In the next section, the mechanism of water interaction with solid surface, metal oxides in particular, is explained through the most significant interaction theories. In Table II , the materials used to realize the humidity sensors, the principle, the range of application and temperature are summarized.
Mechanism of Water Interaction With Solid Surfaces
The mechanism of interaction of water vapor molecules with a porous metal oxide is explained by Morimoto 2 and Zettlemoyer21. It is proposed that the water vapor chemisorbs on the surface of a metal-oxide to form hydroxyl groups: the hydroxyl group adsorbed on the surface metal cation and the proton forming a second hydroxyl group with an adjacent surface O2-ion. By taking into account the mechanism of water interaction with metal oxides, it turns out that the humidity sensitivity depends mainly on the microstructure, i.e., the pore size distribution and surface area of the ceramic. These bulk properties are usually controlled by adjusting the particle dimensions of the starting material and the forming and sintering conditions. Figure 1 The SEM micrograph highlights the intergranular pores linked so that the structure forms a network of capillary tubes. Intragranular pores (i.e., the pores formed in each particle during the decomposition a-FeOOH and remaining after the sintering) are not visible in the figure. They were seen by transmission electron microscopy (TEM) and the pore size distribution, before and after the sintering, was measured by BET liquid N2 adsorption technique s. highlights the intragranular micropores with diameters smaller than 300 A; in the second diagram (Fig. 4) The three decades impedance magnitude variation allows accurate determination of the signal variation due to small changes in RH.
Sintering at higher temperature (1000-1100 C)31'32 results in poor humidity sensitivity in the lower RH values (0-40%) because of the coalescence of micropores due to the thermal treatment. The better humidity sensitivity obtained for the 850-950 C sintering is explained in terms of a favorable pore size distribution around the condensation critical radius.
In defining the properties of a humidity sensor, the evaluation of the response time to the variation of RH acquires particular importance. In bulk sensors, the response time is controlled by the diffusion rate of the water vapor through the pores therefore depends on the forming and sintering conditions. Figure 6 depicts the response time of the 950 C sintering during adsorption and desorption cycles in the 0-60% RH range at different water vapor flow rates. The residence times, as calculated by the geometry of the cell, are 6.2, 4.5 and 3.7 seconds respectively. From the figure it turns out that the higher the water vapor flow rate the shorter the response time. While the adsorption is faster than the desorption, both processes are very quick.
THE CALIBRATION PROCEDURE USED TO
CHARACTERIZE THE a-Fe203 HUMIDITY SENSOR Hysteresis (H) and Drift (d) In evaluating the properties of a humidity sensor, the hysteresis (H) and drift (d) must be carefully characterized, because they represent a consistent part of the final error associated with the RH measurement. Generally, this error is not constant but is influenced by the operating conditions of the sensor. The hysteresis can be defined as the difference in the recording signal measured when carrying out a full cycle of adsorption and desorption, for example from 11 to 97 back to 11%RH. The drift is the difference between the asymptotic signal value at saturation (holding the sensor in saturation conditions for several hours) and the value measured after a shorted time, for example one hour at saturation.
In in Fig. 8 . After each aging cycle, the impedance was measured at 11%, 75% and 97% by means of the above mentioned saturated solutions.
Eight cycles were carried out on the same sensor, for a total aging time of 168 days. The results of the impedance are reported in Fig. 9 . The uncertainties associated to each 11%, 75% and 97% RH are an overall estimation of the error associated with the impedance measurement, considering the hysteresis and drift evaluated according to the previously reported procedure. The humidity monitoring. An electronic circuit prototype for humidity measurement has been, buildup taking into account the experimentally determined temperature dependency. The electronic equipment was set up with a commercial, low-cost, integrated circuit and based on the direct measurement of the sensor impedance magnitude.
In Fig. 12 , a block scheme of the electronic equipment prototype is shown. The impedance magnitude of the sensor is measured by the volt-amperometric method:
a Wien bridge harmonic voltage generator (Osc) and a sophisticated current to voltage converter (I/V Conv.) was utilized. The peak value of the output voltage of the I/V Conv. was made proportional to the impedance magnitude of the sensor. A logarithmic amplifier (Log. Amp) was utilized for the linearization of the response when it changed with humidity. The temperature compensation of the humidity measurement was obtained by an electronic integrated temperature sensor with linear response in the 0-100 C range, an amplifier stage for signal adjustment, and an algebraic summing amplifier (E). The algebraic summing amplifier com-SAMPLE 20 40 60 80 100
FIGURE 10 Temperature dependance of the impedance as a function of the RH.
pensated the impedance signal of the humidity sensor with the temperature signal, according to the experimental calibration shown in Fig. 10 . The environmentmeasured RH value is shown by a stack of twenty Light Emitter Diodes (LED), which gave the value of the humidity in the range 0-100% RH, with a 5% step. 
